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Abstract
We study the irreversible (non-equilibrium) thermodynamics of FRW universe
containing only dark energy. Using the modified entropy-area relation which is mo-
tivated from the loop quantum gravity, we calculate the entropy-corrected form of
the apparent horizon of FRW universe.
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2I. INTRODUCTION
Observations of type Ia supernovae suggest that the universe is dominated by two dark
components: dark matter (DM) and dark energy (DE) [1]. Dark matter, a matter without
pressure, is mainly used to explain galactic rotation curves and the formation of large-
scale structure, while dark energy (DE), an exotic energy with negative pressure, is used to
describe the present cosmic accelerated expansion. However, the nature and origin of DE is
still unknown, and people have proposed several candidates to describe it (for review see [2]
and references therein).
The holographic DE (HDE) is one of interesting DE candidates which was proposed
based on the holographic principle [3]. According to the holographic principle, the number
of degrees of freedom in a bounded system should be finite and has relationship with the
area of the boundary of the system [4]. By applying the holographic principle to cosmology,
one can obtain the upper bound on the entropy contained in the universe [5]. Following this
line, Li [6] argued that in quantum field theory, the ultra-violet cut-off Λ could be related to
the infrared cut-off L due to the limit set by forming a black hole i.e. the quantum zero-point
energy of a system with size L should not exceed the mass of a black hole with the same
size, i.e. L3Λ3 ≤ (MpL)
3/2. This last expression can be re-written as L3ρΛ ≤ LM
2
p , where
ρΛ ∽ Λ
4 is the energy density corresponding to the zero point energy and cut-off Λ. Now the
last inequality takes the form ρΛ ≤ M
2
pL
−2 or ρΛ = 3c
2M2pL
−2. Here M2p = (8πG)
−1 is the
modified Planck mass and 3c2 is constant and attached for convenience. The HDE models
have been studied widely in the literature [7–9]. Obviously, in the derivation of HDE, the
black hole entropy SBH plays an important role. As is well known SBH = A/(4G), where
A ∼ L2 is the area of horizon. However, in the literature, this entropy-area relation can be
modified to [10]
SBH =
A
4G
+ α˜ ln
A
4G
+ β˜, (1)
where α˜ and β˜ are dimensionless constants of order unity. These corrections can appear
in the black hole entropy in loop quantum gravity (LQG) [11]. They can also be due to
thermal equilibrium fluctuation, quantum fluctuation, or mass and charge fluctuations (for
a good review see [11] and references therein).
An interesting aspect in the cosmological context is the study of non-equilibrium ther-
modynamics of DE. Das et al. [12] computed leading-order corrections to the entropy of
3any thermodynamic system due to small statistical fluctuations around equilibrium. They
obtained a general logarithmic correction to black hole entropy. Wang et al. [13] studied
a thermodynamical description of the interaction between HDE and DM. Resorting to the
logarithmic correction to the equilibrium entropy, they arrived to an expression for the in-
teraction term which was consistent with the observational tests. Pavo´n and Wang [14]
considered a system composed of two subsystems (DM and DE) at different temperatures.
In virtue of the extensive property, the entropy of the whole system is the sum of the en-
tropies of the individual subsystems which (being equilibrium entropies) are just functions
of the energies of DE and DM. Zhou et al. [15] have further employed the second law of
thermodynamics to study the coupling between the DE and DM in the universe by resort-
ing to the non-equilibrium entropy of extended irreversible thermodynamics. Karami and
Ghaffari [16] extended the work of Zhou et al. [15] and investigated the validity of the
generalized second law in irreversible thermodynamics for the interacting DE with DM in a
non-flat FRW universe enclosed by the dynamical apparent horizon. It was shown that for
the present time, the generalized second law in non-equilibrium thermodynamics is satisfied
for the special range of the energy transfer constants. More recently, Gang and Wen-Biao
[17] studied the non-equilibrium thermodynamics of DE on cosmic apparent horizon. They
clarified that if the irreversible process is considered, the proper position for building ther-
modynamics will not be the apparent horizon anymore. The new position is related to DE
state equation and the irreversible process parameters.
In this paper, our aim is to extend the work of Gang and Wen-Biao [17] using the
quantum corrected entropy-area relation [11]. We investigate how the original apparent
horizon can be modified to keep the non-equilibrium thermodynamic laws in effect. This
paper is organized as follows. In Section 2, we study the non-equilibrium thermodynamics
of DE on entropy-corrected apparent horizon. Section 3 is devoted to the conclusions.
II. NON-EQUILIBRIUM THERMODYNAMICS OF DE ON
ENTROPY-CORRECTED APPARENT HORIZON
We consider the Friedmann-Robertson-Walker (FRW) metric for the non-flat universe as
ds2 = −dt2 + a2(t)
(
dr2
1− kr2
+ r2dΩ2
)
, (2)
4where k = 0, 1,−1 represents a spatially flat, closed or open FRW universe, respectively.
Define r˜(t) = a(t)r, the metric (2) can be rewritten as ds2 = hijdx
idxj + r˜2dΩ2, where
xi = (t, r), hij = diag(−1, a
2/(1− kr2)), i, j = 0, 1. By definition
f := hij∂ir˜∂j r˜ = 1−
(
H2 +
k
a2
)
r˜2, (3)
when f = 0 then the location of the apparent horizon in the FRW universe is obtained
as r˜ = RA = (H
2 + k/a2)−1/2 [18]. Observational evidences suggest that our universe is
spatially flat with k = 0 [19], so the apparent horizon is same as the Hubble horizon, i.e.
RA = 1/H .
With the help of Eq. (3), the surface gravity κ and the Hawking temperature T are
defined as [20]
κ = −
∂r˜f
2
=
r˜
R2A
, (4)
T =
κ
2π
=
r˜
2πR2A
. (5)
So the Hawking temperature at the apparent horizon is obtained as
TA = T
∣∣∣
r˜=RA
=
1
2πRA
. (6)
Recently Cai et al. [21] proved that the apparent horizon of the FRW universe has an
associated Hawking temperature TA = 1/2πRA. They also showed that this temperature
can be measured by an observer with the Kodoma vector inside the apparent horizon.
The first Friedmann equation for the flat FRW universe takes the form
H2 =
8π
3
ρ, (7)
where we take G = 1 and ρ is the energy density of DE. The continuity equation for DE is
ρ˙+ 3H(1 + ω)ρ = 0, (8)
where ω is the parameter of the equation of state (EoS) of DE, and when ω < −1/3 it
describes an accelerating universe. For a constant ω, from Eqs. (7) and (8) we get
a(t) = t1/ǫ, ǫ :=
3
2
(1 + ω), (9)
and the apparent (Hubble) horizon is obtained as RA = 1/H = ǫt. Note that to have RA be
positive, it is also needed to assume ǫ > 0 or ω > −1. Therefore the DE with −1 < ω < −1/3
5behaves like a quintessence scalar field model [22]. The flux of energy across the apparent
horizon within the time interval dt is
− dEA = 4πR
2
Aρ(1 + ω)dt = ǫdt. (10)
The process of energy flux crossing apparent horizon is irreversible. Therefore in the presence
of interaction between DE and its surroundings enveloped by the horizon, the time derivative
of the non-equilibrium entropy is given by
S˙ = S˙i + S˙e, (11)
where S˙i is the rate of change in internal entropy production of the universe and S˙e arises
from the heat flow between the universe and the horizon. Following [17] we have
S˙i =
∫
V
σdV , (12)
S˙e = −
∮
Σ
~JS · d~Σ, (13)
where σ is an internal entropy source production density and JS is an entropy flow density.
If we consider only the heat conduction between the universe and the horizon, then σ and
JS are given by [17]
σ = ~Jq · ∇
1
T
∣∣∣
r˜=RA
, (14)
~JS =
~Jq
TA
. (15)
Here ~Jq is the heat current. Substitution of Eq. (15) in (13) yields
S˙e = −
1
TA
∮
Σ
~Jq · d~Σ =
1
TA
Jq4πR
2
A, (16)
where we assume ~Jq takes the same value at every point of the apparent horizon surface
A = 4πR2A.
From the modified entropy-area relation (1) one obtains
d
dt
(
A
4
+ α˜ ln
A
4
+ β˜
)
= 2πRAR˙A +
2α˜
RA
R˙A = 2πRAǫ
(
1 +
α˜
πR2A
)
, (17)
where R˙A = ǫ. Like [17] thinking of the relation
S˙e =
d
dt
(
A
4
+ α˜ ln
A
4
+ β˜
)
, (18)
6from Eqs. (16) and (17), one gets
Jq =
ǫ
4πR2A
(
1 +
α˜
πR2A
)
. (19)
Following the Fourier’s law
~Jq = −λ∇T
∣∣∣
r˜=RA
, (20)
where λ is the thermal conductivity [17]. This shows that there will be spontaneous heat
flow between the horizon and the DE and the thermal equilibrium will no longer hold [16].
Substituting Eqs. (19) and (20) in (14) gives
σ =
ǫ2
4λR2A
(
1 +
α˜
πR2A
)2
, (21)
while from Eq. (12) we obtain
S˙i = σ
4
3
πR3A =
ǫ2πRA
3λ
(
1 +
α˜
πR2A
)2
. (22)
Finally from Eqs. (18) and (22), the time derivative of the irreversible entropy can be
obtained as
S˙ = S˙i + S˙e =
ǫ2πRA
3λ
(
1 +
α˜
πR2A
)2
+ 2πRAǫ
(
1 +
α˜
πR2A
)
. (23)
Therefore the first law in irreversible thermodynamics holds if we define
dS = −
dEA
T˜A
= 2πR˜Aǫdt, (24)
where T˜A := 1/2πR˜A and
R˜A = RA
(
1 +
α˜
πR2A
)[
1 +
( ǫ
6λ
)(
1 +
α˜
πR2A
)]
, (25)
which is so-called the entropy-corrected apparent horizon. If we set α˜ = 0 then
R˜A = RA
(
1 +
ǫ
6λ
)
, (26)
which is same as the result obtained by [17].
III. CONCLUSIONS
In this paper, we investigated the FRW universe as a non-equilibrium (or irreversible)
thermodynamical system by considering the logarithmic correction term to the horizon en-
tropy. We assumed that the universe contains only DE in dominant form compared to
7other cosmic components, moreover, the universe is bounded by apparent horizon. In a non-
equilibrium scenario, there is a flux of energy across the horizon. As energy goes outside the
horizon (and cannot come in due to irreversibility), an internal entropy production term is
taken into account. Notice that this term is zero in the equilibrium setting. Recently Gang
and Wen-Biao [17] studied this problem and showed that when the irreversible process is
considered, the original apparent horizon is no longer perfect for building non-equilibrium
thermodynamics laws exactly and it should be modified. They obtained the modified appar-
ent horizon expression that depended on the state parameter of DE ǫ and a non-equilibrium
factor λ. We have extended their study by considering the ‘corrected’ entropy motivated
from the LQG. The addition of correction terms to the horizon entropy is a fundamental
prediction of LQG and hence must be taken into account while studying the thermodynam-
ics of horizons for the background geometry. Using this modified entropy-area relation, we
obtained the entropy-corrected form of the apparent horizon of FRW universe.
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